Abstract: Corona discharge technology is used widely for air purification in laboratory experiments and industry. On the other hand, corona discharge technology has the disadvantage of requiring large-sized electrodes. Therefore, research is needed to reduce the size of the electrodes. In this study, circular hole aluminum electrodes and an air purifier system were designed to reduce the size of the electrodes. Several sets of power conversions were performed to generate a corona discharge. The system consisted of a half bridge inverter, step-up transformer, and Cockcroft Walton circuit. The range of input and output voltages was 30-70 V and 20-25 kV, respectively. A corona discharge was generated by the output voltage. The system could remove smoke in less time with a combination of 13 kHz and an electrode with a hole diameter of 0.2 cm than with the other combinations. The electrode hole diameter affected the removal time of species such as hydrogen carbon hydrogen oxygen (HCHO, formaldehyde), total volatile organic compounds (TVOC), and fine dust, which was confirmed by laboratory experiments. Mathematical derivation and experiments were carried out to prove the validity of the approach; the Clean Air Delivery Rate (CADR) index was 480 µm/m 3 .
Introduction
Recently, with the development of industry, the use of fossil fuels and the demand for personal vehicles are increasing. Therefore, the quantity of fine dust is also increasing. Most fine dust is composed of sulfates and nitrates, which cause smog and have adverse effects on human health (Figure 1 ).
Recently, with the development of industry, the use of fossil fuels and the demand for personal vehicles are increasing. Therefore, the quantity of fine dust is also increasing. Most fine dust is composed of sulfates and nitrates, which cause smog and have adverse effects on human health ( Figure 1 ). General dust can be observed by the naked eye and easily removed. On the other hand, fine dust has a very small particle size of 10 µm or less and is difficult to recognize visually. Hence, it cannot be In this paper, we focused on the elimination of HCHO, TVOC, which are the most harmful organic substances for the human body and focusing on fine dust. HCHO and TVOC are defined as follows:
HCHO is a flammable colorless gas with an irritating odor and is used as a sterilizing preservative. Indoors are mainly found in building materials, insulation, adhesives, household goods, chemical fiber, gas combustion, and tobacco smoke.
TVOC is a general term for organic compounds at a boiling point of 50-260 • C and consisting of benzene, toluene, ethylbenzene, xylene and styrene. The sources of TVOC are building materials, finishing materials and adhesives, cleaning supplies, cleaning agents, photocopier toners, and indoor combustion. In addition, Table 2 shows the contamination status of fine dust, HCHO, and TVOC. Air cleaning methods are based largely on centrifugal force using a filter and corona discharge. The dust collection efficiency using centrifugal force is low for fine particles. In addition, centrifugal force cannot be used for adhesive, corrosive, and abrasive gases, and it produces a large amount of noise. The use of a filters is uneconomical because it is necessary to replace the filter periodically. If the filter is not replaced, bacteria grow, which can also be harmful to the human body. In the case of a corona discharge, the electrode of the dust collector is made of aluminum, and the filter does not need to be replaced. When the filter is saturated, however, the electrodes cannot be collected smoothly. Therefore, the dust must be removed. To remove the collected fine dust, the electrodes are sprayed with water after disconnecting them from the power supply. This method of using a corona discharge for removing fine dust has high performance [5, 6] . Previous studies have suggested that the optimal frequency is a very important factor for a fine dust removal system but it is difficult to understand the mechanism of fine dust removal using just the optimal frequency and its effect on polluted air [7] . A literature survey showed that most papers focus on a fine dust monitoring system using an Arduino board and an optical sensor but these cannot solve the fine dust problem [8, 9] .
A large electrode is needed to obtain a corona discharge. To remove the fine dust rapidly [10] , this study focused on decreasing the electrode size. This paper suggests a new electrode shape with greater efficiency compared to other electrodes with the same area. To achieve better performance with the same area, the size of the electrode should be optimized. To demonstrate this, this study assessed the optimal frequency and CADR index during the fine dust removal experiments.
Basic Theory

Corona Discharge
A corona discharge is a gas discharge, which is a type of preceding discharge in a non-uniform electric field. In other words, before reaching the final form of discharge, such as arc discharge and spark discharge, the peripheral gas is ionized locally only in the concentrated region (1-100 µA) to form a plasma and emit light. Such a discharge pattern is called a corona discharge. Figure 2 illustrates the discharge phenomenon. Air cleaning methods are based largely on centrifugal force using a filter and corona discharge. The dust collection efficiency using centrifugal force is low for fine particles. In addition, centrifugal force cannot be used for adhesive, corrosive, and abrasive gases, and it produces a large amount of noise. The use of a filters is uneconomical because it is necessary to replace the filter periodically. If the filter is not replaced, bacteria grow, which can also be harmful to the human body. In the case of a corona discharge, the electrode of the dust collector is made of aluminum, and the filter does not need to be replaced. When the filter is saturated, however, the electrodes cannot be collected smoothly. Therefore, the dust must be removed. To remove the collected fine dust, the electrodes are sprayed with water after disconnecting them from the power supply. This method of using a corona discharge for removing fine dust has high performance [5, 6] . Previous studies have suggested that the optimal frequency is a very important factor for a fine dust removal system but it is difficult to understand the mechanism of fine dust removal using just the optimal frequency and its effect on polluted air [7] . A literature survey showed that most papers focus on a fine dust monitoring system using an Arduino board and an optical sensor but these cannot solve the fine dust problem [8, 9] .
Basic Theory
Corona Discharge
A corona discharge is a gas discharge, which is a type of preceding discharge in a non-uniform electric field. In other words, before reaching the final form of discharge, such as arc discharge and spark discharge, the peripheral gas is ionized locally only in the concentrated region (1-100 μA) to form a plasma and emit light. Such a discharge pattern is called a corona discharge. Figure 2 illustrates the discharge phenomenon.
When the voltage is increased in the glow discharge state, the plasma is continuously conducted from the cathode of the electrode to the anode in an arc shape, which is arc discharge which is the final form of gas discharge. The spark discharge is a monotonic property that occurs instantaneously, other than arc discharge [11] . When the voltage is increased in the glow discharge state, the plasma is continuously conducted from the cathode of the electrode to the anode in an arc shape, which is arc discharge which is the final form of gas discharge. The spark discharge is a monotonic property that occurs instantaneously, other than arc discharge [11] .
The Principle of Fine Dust Removal
A corona discharge is an electrical discharge caused by the ionization of a fluid, such as air, surrounding a charged conductor. Spontaneous corona discharges occur naturally in high-voltage systems. A corona discharge will occur when the electric field around a conductor is high enough to form Energies 2018, 11, 1956 4 of 15 a conductive region but not high enough to cause electrical breakdown or arcing to nearby objects [12] [13] [14] [15] . The discharge is often seen as a bluish glow in the air adjacent to pointed metal conductors carrying high voltages and emits light through the same property as a gas discharge lamp ( Figure 3 ).
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Components of Fine Dust Removal System
Half Bridge Inverter
A half-bridge inverter ( Figure 6 ) is divided in half by the input voltage and connected alternately to the load via two switches. Therefore, the half bridge inverter requires two MOSFET or IGBT. Two capacitors with the same capacitance are used to divide the input voltage in half. The switches, S1 
Components of Fine Dust Removal System
Half Bridge Inverter
A half-bridge inverter ( Figure 6 ) is divided in half by the input voltage and connected alternately to the load via two switches. Therefore, the half bridge inverter requires two MOSFET or IGBT. Two capacitors with the same capacitance are used to divide the input voltage in half. The switches, S1 and S2, of the single-phase half-bridge inverters are turned on alternately and the output voltage is determined by the switching states. When S1 is ON, the output voltage is +Vdc/2, whereas when S2 is ON, the output voltage is −Vdc/2 [18] :
If switches of S1 and S2 are ON at the same time, the input power is shorted, so switches of S1 and S2 should not be ON at the same time. Accordingly, switches S1 and S2 are turned on alternately, and the output voltage alternates between +Vdc/2 and −Vdc/2. 
Components of Fine Dust Removal System
Half Bridge Inverter
If switches of S1 and S2 are ON at the same time, the input power is shorted, so switches of S1 and S2 should not be ON at the same time. Accordingly, switches S1 and S2 are turned on alternately, and the output voltage alternates between +Vdc/2 and −Vdc/2. If the half bridge inverter load is RL (resister and inductor), in order to get the load current at the positive half period (S1 turn ON, S2 turn OFF), the voltage of RL is obtained the half of the input dc voltage. ( ) If KVL (Kirchhoff's Law) is used for the RL circuit. The differential equation for the closed circuit is as follows [19, 20] :
Using the Laplace transform, the equation can be expressed as:
I (s) can be expressed using Equation (3):
. Half bridge inverter with gate driver and using DSP chip (F28335) for PWM generator and DC-DC converter for gate driver.
If the half bridge inverter load is RL (resister and inductor), in order to get the load current at the positive half period (S1 turn ON, S2 turn OFF), the voltage of RL is obtained the half of the input dc voltage. (   V dc 2 ) If KVL (Kirchhoff's Law) is used for the RL circuit. The differential equation for the closed circuit is as follows [19, 20] :
I o (s) can be expressed using Equation (3):
Using the Equation (4), the Laplace inverse transform can be expressed as i o (t): If the time constant, τ = L R at t = 0, and i o (0) = −I o , then i o (t) is can be expressed as Equation (6):
The switching frequency is f, so it can express T = 
I o can be expressed using Equation (7):
Using the Equation (6), i o (t) can be expressed at 0 ≤ t ≤ T 2 :
Under the (S1 OFF, S2 OFF) condition, − V dc 2 = −V 1 . Equation (10) can be derived from Equation (2):
In the same way, i o (t) can be found at T 2 < t < T. In addition, Equation (11) can be derived: Figure 7 shows the current flow according to switch ON/OFF state and input/output voltage.
Using the Equation (4), the Laplace inverse transform can be expressed as i (t):
If the time constant, τ = at t = 0, and i (0) = −I , then i (t) is can be expressed as Equation (6):
The switching frequency is f, so it can express T = . When t = , I (t = ) = I :
I can be expressed using Equation (7):
Using the Equation (6), i (t) can be expressed at 0 ≤ t ≤ :
Under the (S1 OFF, S2 OFF) condition, − = −V . Equation (10) can be derived from Equation (2):
In the same way, i (t) can be found at < t < T. In addition, Equation (11) can be derived: 
Step-Up Transformer
The EI (E type and I type core) core transformer is used in this experiment. Ferrites are used as high permeability materials from low frequency to hundreds of MHz. Therefore, it is the most suitable in terms of economics and efficiency in the step-up transformer design (Table 3 ) [21] . The Cockcroft Walton circuit (Figure 8 ) involves the stacking of N number of rectifiers and capacitors (Figure 8, N = 8) . If no load is applied, a DC voltage of n times of the secondary voltage peak value of the transformer can be generated. Using this principle, a DC high voltage, such as 20-25 kV, can be obtained. Corona discharge occurs using the proper DC high voltage. The generated corona discharge can remove various kinds of fine dust quickly [22] :
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Corona Discharge Electrodes
Equation (13) is indicating the fine dust removal efficiency. A is the dust collection area (m 2 ), W is particle movement speed (m/s), Q is gas flow rate (m 3 /s) [23] . Figure 9 shows the basic electrode shape (a) and the newly proposed electrode shape (b). Shape (b) is designed to reduce the fine dust removal time and the electrode hole size:
Equation (13) is indicating the fine dust removal efficiency. A is the dust collection area (m 2 ), W is particle movement speed (m/s), Q is gas flow rate (m 3 /s) [23] . 
Performance Evaluation Using CADR
CADR is air cleanliness performance index set by the American Association of Home Appliance Manufacturers (AHAM). The CADR index is evaluated by measuring the number of particles in the sealed chamber. The number of particles in the closed chamber decreases exponentially and can be obtained using Equations (14)- (17) [24] : 
CADR is air cleanliness performance index set by the American Association of Home Appliance Manufacturers (AHAM). The CADR index is evaluated by measuring the number of particles in the sealed chamber. The number of particles in the closed chamber decreases exponentially and can be obtained using Equations (14)- (17) [24]:
Energies 2018, 11, 1956 9 of 15 C t is the number of particles after t minutes, C i is the initial number of particles, K is the attenuation constant, and t is the time. The particle attenuation ratio can be obtained using Equation (17) . By substituting in Equation (18) , the CADR index can be obtained the particle attenuation constant K e and the natural attenuation constant K i :
Experimental Setup
The experimental setup is shown in Figures 11 and 12 . For each experiment an acrylic box is filled with smoke using a cigarette. The acrylic box was sealed so that no outside air could pass through. After sealing, cigarette smoke was injected through a small gas inlet. After the injection, the gas inlet is tightly sealed through the stopper, and the preparation for the experiment is finished. To test the numerical values more precisely, this experiment is performed by a JSM-100 (fine dust measuring instrument, made by Korea, company name: Inparo). Table 4 shows the specifications of the JSM-100, which has sharp optical dust sensors with internal infrared diodes and diagonally arranged phototransistors. Light emitting diodes project light and the phototransistors detect the dark areas due to the passage of fine dust particles. In addition to this function, the presence of smoke or dust can be checked by the output pulse pattern. Fine dust sensors can measure up to 2.5 µm particles. Ct is the number of particles after t minutes, Ci is the initial number of particles, K is the attenuation constant, and t is the time. The particle attenuation ratio can be obtained using Equation (17) . By substituting in Equation (18) , the CADR index can be obtained the particle attenuation constant Ke and the natural attenuation constant Ki:
The experimental setup is shown in Figures 11 and 12 . For each experiment an acrylic box is filled with smoke using a cigarette. The acrylic box was sealed so that no outside air could pass through. After sealing, cigarette smoke was injected through a small gas inlet. After the injection, the gas inlet is tightly sealed through the stopper, and the preparation for the experiment is finished. To test the numerical values more precisely, this experiment is performed by a JSM-100 (fine dust measuring instrument, made by Korea, company name: Inparo). Table 4 shows the specifications of the JSM-100, which has sharp optical dust sensors with internal infrared diodes and diagonally arranged phototransistors. Light emitting diodes project light and the phototransistors detect the dark areas due to the passage of fine dust particles. In addition to this function, the presence of smoke or dust can be checked by the output pulse pattern. Fine dust sensors can measure up to 2.5 μm particles. 
Results and Discussion
Analysis of the CADR Index
This experiment is conducted on cigarette smoke to confirm the effectiveness of the proposed D electrode. The particle attenuation ratio was obtained using Equation (17) . For the initial concentration of 500 μm/m 3 , the initial attenuation is reduced to less than 30% after 60 min. On the other hand, 98% of particles decrease after 25 min after operation of the air cleaning system. The particle attenuation constant Ke (0.1564809) and the natural attenuation constant Ki (0.0037) are obtained by this experiment with this air cleaning system. By substituting in Equation (18), the CADR index can be obtained. The volume V is (4150 mm × 4330 mm × 2900 mm). The test is performed into the center of the height of 1400 mm. The following experimental results of CADR index is about 480 m 3 /h. To obtain a more accurate CADR index, further experiments are required in a place larger than this experimental volume.
Analysis of Changes in Air Pollution Status
The removal times of smoke, fine dust, HCHO, and TVOC were measured using the JSM-100 system. If using the instrument for a long time, odors and gases may accumulate in the instrument and affect the measurement/test result. In order to calibrate it, after the first experiment, we turn on the detector and check it in a well-ventilated place for more than one hour. Thereafter, additional experiments were repeated. In addition, the removal times were compared according to the hole size. First, the removal time of smoke, which contains large dust particles, was examined. The optimal switching frequency was determined and the optimal conditions of the other experiments were also demonstrated.
As shown in Figure 13a , electrodes (A)-(E) are the fastest at the switching frequency of 13 kHz in removing smoke. The experiments of HCHO, TVOC, and PM2.5 (particle material) are also performed with the switching frequency of 13 kHz in the (20 cm × 20 cm × 50 cm) acrylic box with the input DC voltage of 30 V.
Formaldehyde (HCHO) is a flammable colorless gas that has a long-lasting, irritating odor with adverse effects on the human body, such as headache/amnesia and emotional disturbances. If the HCHO density value is large than 0.30 mg/m 3 , the present air is not good.
Referring to Figure 13b , the data are derived by comparing with electrodes (A)-(E). Electrode (A) showed the fastest purging. The air is purified within 3 min by the (D), (B), (C), whereas, more than 6 min is needed in case of using electrodes (A) and (E).
TVOC is a precursor of photochemical reaction and means harmful substance to the human body/environment by generating secondary pollutants, such as ozone and aldehydes. The experimental results show that it takes approximately 4 min for (D), (C), (B) models. However, it takes 7 min for (A), (C) models shown in Figure 13c . 
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Analysis of the CADR Index
This experiment is conducted on cigarette smoke to confirm the effectiveness of the proposed D electrode. The particle attenuation ratio was obtained using Equation (17) . For the initial concentration of 500 µm/m 3 , the initial attenuation is reduced to less than 30% after 60 min. On the other hand, 98% of particles decrease after 25 min after operation of the air cleaning system. The particle attenuation constant K e (0.1564809) and the natural attenuation constant K i (0.0037) are obtained by this experiment with this air cleaning system. By substituting in Equation (18), the CADR index can be obtained. The volume V is (4150 mm × 4330 mm × 2900 mm). The test is performed into the center of the height of 1400 mm. The following experimental results of CADR index is about 480 m 3 /h. To obtain a more accurate CADR index, further experiments are required in a place larger than this experimental volume.
Analysis of Changes in Air Pollution Status
As shown in Figure 13a , electrodes (A)-(E) are the fastest at the switching frequency of 13 kHz in removing smoke. The experiments of HCHO, TVOC, and PM 2.5 (particle material) are also performed with the switching frequency of 13 kHz in the (20 cm × 20 cm × 50 cm) acrylic box with the input DC voltage of 30 V. If the PM2.5 concentration is greater than 101μg/m 3 , the present air is not clean. The experimental results show that electrode (D) cleans the fine dust within almost 2 min. And electrodes (B) and (C) clean almost the same time (3 min) but electrode (C) cleans a little faster than electrode (B). On the other hand, the electrodes (A) and (D) clean the fine dust more than 6 min as shown in Figure 13d . Electrode (D) shows the excellent results under all the conditions. Referring to Equation (13) , it can be seen that the larger the area of the electrode, the greater the ability to remove fine dust. However, the experiment with the largest area electrode (A) showed the worst result. Because the faster of the moving speed of gas, the higher the efficiency of dust collection. In case of electrode (A), the electrode area is the largest, but the movement speed of gas is the lowest, so the fine dust cannot be removed quickly. By adopting holes on the electrode surface, the gas is easily moved through the holes and the removal speed is increased due to the smooth movement. Based on these experimental results, it is confirmed that the gas motion speed can be controlled by the diameter of hole. In the case of too large a hole, the discharge area is narrow and it isn't effective. On the contrary, in the case of too small a hole, the gas motion speed is slow and doesn't give good results. From these experiments, we know that the diameter of 0.2 cm has the best fine dust removal quality. In the near future, it will be necessary to carry out the comparative experiment using a larger size electrode for practical industrial use.
Data Sets and Standard Deviation
Tables 5-8, is data sets and standard deviation. The standard deviation was obtained by using the experimental data. The standard deviation data shows that electrode (D) is the least deviating in all data. Also, referring to Figure 13 , it can be seen that electrode (A) has the lowest removal rate and Formaldehyde (HCHO) is a flammable colorless gas that has a long-lasting, irritating odor with adverse effects on the human body, such as headache/amnesia and emotional disturbances. If the HCHO density value is large than 0.30 mg/m 3 , the present air is not good.
TVOC is a precursor of photochemical reaction and means harmful substance to the human body/environment by generating secondary pollutants, such as ozone and aldehydes. The experimental results show that it takes approximately 4 min for (D), (C), (B) models. However, it takes 7 min for (A), (C) models shown in Figure 13c .
If the PM 2.5 concentration is greater than 101 µg/m 3 , the present air is not clean. The experimental results show that electrode (D) cleans the fine dust within almost 2 min. And electrodes (B) and (C) clean almost the same time (3 min) but electrode (C) cleans a little faster than electrode (B). On the other hand, the electrodes (A) and (D) clean the fine dust more than 6 min as shown in Figure 13d .
Electrode (D) shows the excellent results under all the conditions. Referring to Equation (13), it can be seen that the larger the area of the electrode, the greater the ability to remove fine dust. However, the experiment with the largest area electrode (A) showed the worst result. Because the faster of the moving speed of gas, the higher the efficiency of dust collection. In case of electrode (A), the electrode area is the largest, but the movement speed of gas is the lowest, so the fine dust cannot be removed quickly. By adopting holes on the electrode surface, the gas is easily moved through the holes and the removal speed is increased due to the smooth movement. Based on these experimental results, it is confirmed that the gas motion speed can be controlled by the diameter of hole. In the case of too large a hole, the discharge area is narrow and it isn't effective. On the contrary, in the case of too small a hole, the gas motion speed is slow and doesn't give good results. From these experiments, we know that the diameter of 0.2 cm has the best fine dust removal quality. In the near future, it will be necessary to carry out the comparative experiment using a larger size electrode for practical industrial use.
Tables 5-8, is data sets and standard deviation. The standard deviation was obtained by using the experimental data. The standard deviation data shows that electrode (D) is the least deviating in all data. Also, referring to Figure 13 , it can be seen that electrode (A) has the lowest removal rate and the standard deviation also has the largest deviation in the whole experiment. Except for the optimum frequency experiment of Smoke, the standard deviation is (D) < (C) < (B) < (E) < (A) (removal time). In the case of the smoke experiment, the standard deviation is recorded in the order of (D) < (B) < (C) < (E) < (A) (removal time). The smoke removal experiment is to find the optimum frequency. Therefore, the closer to the optimum frequency, the faster the removal. There is not much difference in voltage when it goes away from the optimum frequency. The electrode (B) model was recorded as low when viewed only by the deviation of the electrode (C) model and the electrode (B) model. However, when comparing electrodes (B) and (C) only for each removal time, electrode (C) shows a quick removal time as a whole. 80  40  40  38  70  2 kHz  78  39  39  36  68  3 kHz  76  37  36  34  65  4 kHz  75  35  34  31  62  5 kHz  74  30  28  26  61  6 kHz  72  29  26  23  60  7 kHz  70  25  22  20  55  8 kHz  68  20  18  15  52  9 kHz  64  12  15  10  45  10 kHz  60  9  8  8  40  11 kHz  55  8  7  6  38  12 kHz  44  7  6  5  34  13 kHz  40  6  5  4  30  14 kHz  43  7  6  5  31  15 kHz  44  8  7  6  32  16 kHz  45  9  8  7  33  17 kHz  46  10  8  7  35  18 kHz  47  11  9  8  36  19 kHz  48  12  10  9  37  20 kHz  49  13  11  10 
Conclusions
Fine dust is a large problem in modern society. This paper proposed a method for removing fine dust using a corona discharge. The optimal hole diameter of the electrode was determined. When the hole was too large, the discharge area was narrow, making it ineffective. On the other hand, when the hole was too small, the gas motion speed is slow and the result was poor. A hole diameter of 0.2 cm was 2 Carbon Dioxide NO 2 Nitrogen Dioxide
